1996.-Activation of complement and attenuation of endothelium-dependent relaxation occur in a number of pathophysiological conditions. The aim of this study was to investigate the mechanisms of human complement activation and loss of endothelium-dependent relaxation in rabbit tissue, the duration of this loss, and the effects of gender and serum concentration.
In rabbit thoracic aortic rings precontracted with phenylephrine, human serum (HS) concentration dependently induced a loss of endotheliumdependent relaxation to the receptor-dependent vasodilator acetylcholine (ACh) and receptor-independent vasodilator calcium ionophore A23187. Serum-induced loss of AChdependent relaxation was decreased when rings were bathed in 1) HS depleted of factor B, C2, or C8, 2) heat-inactivated HS, or 3) HS with complement inhibitor sCR1 or sCRl[desLHR-A].
Superoxide dismutase had no effect on serum-induced loss of ACh-dependent relaxation. Seruminduced loss of ACh-dependent relaxation returned to control values after removal of HS. Serum-induced loss of AChdependent relaxation was greater in male than in female aortic rings. These results suggest that I) complement activation directly attenuates endothelium-dependent relaxation via the classical and alternative pathways independent of superoxide anion formation, 2) this attenuation is concentration dependent, reversible, and dependent on formation of C5b-9, and 3) endothelial tissue from males is more susceptible than that from females to the acute effects of complement activation.
acetylcholine; A23187; C5b-9; complement inhibition; reactive oxygen species THE OBLIGATORY ROLE of endothelium in the regulation of vascular tone was initially described by Furchgott and Zawadzki (9). One method of endothelial regulation of vascular tone is via synthesis and release of endothelium-dependent relaxing factor (EDRF) [nitric oxide (NO) or a closely related compound] (18). Endothelial dysfunction may occur in certain pathophysiological conditions and contribute to tissue injury. For example, attenuated endothelium-dependent relaxation has been shown to occur within minutes after reperfusion of ischemic tissue (29). Loss of endotheliumdependent relaxation could potentially predispose the vasculature to vasospasm due to vasoconstrictive metabolites formed during ischemia and reperfusion and thereby contribute to tissue injury. Attenuation of EDRF/NO production may also predispose tissue to further injury by upregulating inflammatory cell adhesion molecules on the endothelial cell membrane and preventing vascular compensation distal to any remaining vascular occlusion or high-grade obstruction (7,32). Complement activation, as part of a triggered inflammatory reaction, occurs with reperfusion of ischemic tissue and appears to play a major role in the pathogenesis of the associated injury (15). Studies have demonstrated that complement inhibition decreases reperfusion injury (6, 33). One method by which complement activation may result in tissue injury is indirectly via production of C5a, a potent anaphylatoxin.
Stimulation by C5a results in subsequent neutrophil aggregation, chemotaxis, and cytotoxic activity such as release of reactive oxygen metabolites and proteases (5). Evidence to support this method of complement-mediated tissue injury includes studies in which depletion or functional inhibition of neutrophils substantially reduces tissue infarct size after a period of ischemia (17, 22) However, another method by which complement injury may result in tissue injury is directly via formation of C5b-9 and subsequent target cell injury and/or death. Several lines of evidence support this method of complement-mediated injury. First, C5b-9 is deposited on endothelium after ischemia and reperfusion (33). Second, C5b-9 induces cardiac dysfunction in the isolated human plasma-perfused rabbit heart (13). Third, recent evidence from this laboratory has demonstrated that C5b-9 is deposited on endothelial cells and directly attenuates endothelium-dependent relaxation of porcine coronary artery rings (27) . In the present study we utilized rabbit thoracic aortic rings to further investigate the direct attenuation of endothelium-dependent relaxation by complement activation, its mechanisms, and the effect of gender. rings were again contracted with phenylephrine (10v6 M) and the response to ACh was observed. Recovery of endothelial function after HS-induced loss of endothelium-dependent relaxation was examined in one group of rings from male rabbits that were bathed in 10% HS. After observation of the response of these rings to phenylephrine and ACh, the bath solution was changed to KH buffer and the rings were allowed to return to baseline. After 15 min, the response to phenylephrine and ACh was again observed.
METHODS

Animal Research Guidelines
Calcium ionophore A23187 was utilized in one group of experiments to examine the effects of HS on endotheliumdependent receptor-independent relaxation. After vascular rings were mounted in the organ baths, intact smooth muscle and endothelial function were first established by contraction in response to phenylephrine (10m6 M) and relaxation in response to ACh (lO-s-lO-5 M). Each vascular ring was then washed with KH buffer and allowed to return to baseline. One group of rings was then bathed in KH buffer supplemented with 10% HS; another group was bathed in KH buffer alone. All rings were again contracted by the addition of phenylephrine (10e6 M) to the bath. After peak contraction was attained, a dose-response curve was obtained by addition of cumulative log doses of the calcium ionophore A23187 ( 10ms-lO-5 M).
NaN02 was utilized in another group of experiments to examine the effects of HS on endothelium-independent relaxation in male vascular rings without endothelium.
Before the rings were mounted in the organ baths, the inner surface of each ring was gently rubbed with a wooden applicator stick. Intact smooth muscle function and the absence of functional endothelium were confirmed by contraction in response to phenylephrine ( 10T6 M) and no relaxation in response to ACh
. E h ac vascular ring was then washed with KH buffer and allowed to return to baseline. One group of rings was then bathed in KH buffer supplemented with 10% HS; another group was bathed in KH buffer alone. Rings were again contracted by the addition of phenylephrine (10m6 M) to the bath. After peak contraction was attained, a doseresponse curve was obtained by addition of cumulative log doses of NaNOz (10-6-10-3 M) after titration to pH 2 (4).
Hemolytic Complement Assay
The ability of sCRl[desLHR-A] to inhibit the alternative complement pathway was assessed by measuring the hemolytic activity of HS on rabbit erythrocytes (10, 25 
RESULTS
Aortic Vascular Ring Preparation
Effect of HS on ACh-induced aortic ring relaxation. The effects of bathing aortic rings from male rabbits in HS on ACh-induced relaxation are shown in Fig. 1 . HS (1, 3, 10, or 20%) did not significantly alter phenylephrine-induced contraction of aortic rings compared with control (KH only; 6.4 -. + 0 6 vs 5.9 t 0.5, 6.4 t 0.3 vs. 5.9 ? 0.3, 5.8 2 0.4 vs. 5.6 i 0.3, and 4.9 -+ 0.4 vs. 5.7 t 0.3 g, respectively).
Bathing in HS (1, 3, 10, or 20%) resulted in a concentration-dependent attenuation of ACh-induced relaxation compared with control (KH only). ACh ( 10m5 M) resulted in relaxation to 32 t 3 and 47 t 3% (P < 0.05) of phenylephrine-induced contraction after bathing in KH buffer and 10% HS, respectively. Bathing in 20% HS produced no further loss ofACh-induced relaxation compared with 10% HS. Effect of HS on calcium ionophore AZ3187-induced aortic ring relaxation.
The effect of HS on calcium ionophore A23187-induced relaxation is shown in control (6.7 -. + 0 3 vs 5 9 + 0.4 g). Bathing in 10% HS -attenuated calcium ionophore A23 187-induced relaxation. Calcium ionophore A23187 (10m5 M) resulted in relaxation to 17 t 4 and 92 t 3% (P < 0.05) of phenylephrine-induced contraction after bathing in KH buffer and 10% HS, respectively.
Recovery from serum-mediated loss of endotheliumdependent aortic ring relaxation.
The recovery from serum-mediated loss of ACh-dependent relaxation is shown in Fig. 3 The effects of bathing of aortic rings in 10% HS with and without complement inhibitors are shown in Fig. 4 . HS with complement inhibitors (sCR1 and sCRl-[desLHR-A]) did not significantly alter phenylephrineinduced contraction of aortic rings compared with the initial phenylephrine-induced contraction (6.3 2 0.5 vs. 5.6 ? 0.3 and 5.8 t 0.5 vs. 5.5 t 0.3 g, respectively). Bathing in 10% HS and either the specific alternative pathway inhibitor sCR1 (Fig. 4A) Role of complement in serum-mediated loss of endothelium-dependent aortic ring relaxation. Aortic rings were bathed in 10% HS or one of the following complement-deficient sera: 10% HIHS (Fig. 5A ), 10% factor B-depleted HS (Fig. 5B) , 10% C2-depleted HS (Fig. 5C ), or 10% C&depleted HS (Fig. 50) to investigate the role of complement in this model. Complement-deficient sera (HIHS, C2-depleted HS, factor B-depleted HS, (X-depleted HS) did not significantly alter phenylephrine-induced contraction of aortic rings compared with the initial phenylephrine-induced contraction (6.7 t 0.6 vs. 6.3 t 0.3, 5.5 t 0.4 vs. 5.9 t 0.3, 6.2 t 0.5 vs. 6.2 t 0.5, and 5.9 t 0.5 vs. 5.7 k 0.4 g, respectively). Relaxation to ACh (10m7, lo-$ and 10m5 M) was significantly attenuated in those rings bathed in 10% HS compared with control. Bathing in 10% HIHS, 10% C2-depleted HS, 10% C&depleted HS, or 10% factor B-depleted HS significantly decreased (but did not abolish) the loss of ACh (10m6 M)-induced relaxation HS resulted in a loss ofACh-induced relaxation. Bathing rings in 10% HS with SOD resulted in a similar loss of ACh-induced relaxation.
Effect of HS on relaxation of aortic rings to lValV02 after removal of endothelium.
The effects of bathing aortic rings without endothelium in HS on NaN02-induced relaxation are shown in Fig. 7 . Phenylephrineinduced contraction was not significantly different after bathing in KH (5.6 _ + 0 5 g) compared with HS (1,3, . or 10; 5.9 t 0.3, 5.1 t 0.6, and 5.6 5 0.4 g, respectively). Bathing in 3% HS and 10% HS resulted in an attenuation of NaNOB-induced relaxation compared with control (KH).
Effect of gender on serum-mediated attenuation of aortic ring relaxation. The effect of gender on serummediated loss of endothelium-dependent aortic ring relaxation is shown in Fig. 8 . HS at 10% did not significantly alter phenylephrine-induced contraction of aortic rings compared with the initial phenylephrineinduced contraction (males: 6.4 t 0.4 vs. 6.2 t 0.3 g, females: 5.7 t 0.4 vs. 5.7 t 0.3 g). There was no difference between male and female rabbits in the relaxation control values, whereas male aortic rings still demonstrated a loss of endothelium-dependent relaxation.
DISCUSSION
There were four major findings in this study. First, complement activation through the alternative and classical pathways significantly attenuated receptormediated endothelium-dependent relaxation. Second, the loss of endothelium-dependent relaxation was dependent on serum concentration.
Third, the loss of endothelium-dependent relaxation was readily reversible and, therefore, not dependent on cell lysis. Fourth, complement-mediated loss of endothelium-dependent relaxation was greater in males than in females. These studies were performed in vitro on thoracic rabbit aortic rings in the absence of other components of the inflammatory response (e.g., neutrophils), and therefore these results reflect the direct effects of complement activation on the vasculature. Complement activation of HS by rabbit thoracic aortic tissue occurred through the classical and alternative pathways. Activation of the classical pathway is typically antibody mediated and involves complement components Cl, C2, and C4. Activation of the alternative pathway occurs with C3b deposition on a cell surface and involves the complement components C3 and factors B, D, and P. The two independent pathways merge at C3 by forming respective C3 convertases and activation of subsequent steps in the complement cascade. Activation of complement by both pathways in our heterologous model was demonstrated by the greater preservation of endothelium-dependent relaxation when HS was depleted of C2 (a component of the classical pathway) or factor B (a component of the alternative pathway).
These data are consistent with data presented by Homeister et al. (13) in the human plasmaperfused rabbit heart model in which activation of human complement occurred by the classical and alternative pathways.
The direct role of complement in the attenuation of endothelium-dependent relaxation appears to be mediated by the formation of C5b-9. This is supported by the decrease in or absence of a loss in endotheliumdependent relaxation observed with exposure to HS depleted of complement C8. We reported a similar finding in porcine coronary artery rings (27). Furthermore, these data suggest that the anaphylatoxins C3a and C5a are not responsible for the attenuation in endothelium-dependent relaxation.
Similarly, in vitro exposure of porcine coronary arteries to C5a does not result in a loss of endothelium-dependent relaxation (27). Thus we have shown that complement activation in two different species (swine and rabbit) attenuates endothelium-dependent relaxation. Complement-mediated endothelial dysfunction may occur by temporarily inhibiting endothelial cell function or by causing endothelial lysis and death. Formation of C5b-9 results in transmembrane channels, which may result in cell lysis in nonnucleated cells (30). In the present study, recovery of endothelial function after bathing in 10% HS occurred within 15 min after the vascular tissue was washed and 10% HS was replaced with KH buffer. This relatively rapid recovery (i.e., 15 min) suggests that the initial complementinduced attenuation of endothelium-dependent relaxation was not due to cell lysis and death. Rather than cell lysis and death, endothelial dysfunction may be due to transient, but sublethal, changes in cell permeability due to transmembrane channel formation (12). An alternative explanation for complement-mediated loss of endothelium-dependent relaxation is via synthesis of reactive oxygen metabolites and their subsequent breakdown of EDRF (8, 11). However, the failure of SOD to decrease the loss of endothelium-dependent relaxation (at a concentration that has been demonstrated to effectively scavenge superoxide anion) makes this explanation unlikely (35).
The lack of endothelial cell lysis after exposure to 10% HS for 30 min is not surprising.
Nucleated cells such as endothelial cells are relatively resistant to complement-mediated lysis (20). Endothelial cells have three well-characterized membrane-bound proteins, CD46, CD55, and CD59, that restrict complement activation at the plasma membrane (3). In addition, we previously failed to observe any microscopic damage to endothelial cells after complement exposure (27). Recovery of nucleated cells from sublytic deposits of C5b-9 on the cellular membrane has been previously shown to occur via vesicle formation followed by endocytosis and exocytosis (19). The relatively rapid rate of recovery of the endothelial cell function in the present experiment is consistent with previous studies that revealed that at 37°C the half life of C5b-9 transmembrane channels is -1 min (23).
Thoracic aorta from female rabbits was significantly less susceptible to complement-mediated loss of endothelium-dependent relaxation than thoracic aorta from males. The reasons for this diminished susceptibility are not clear. However, it has been shown that estradiol as well as testosterone may have significant effects on endothelial function (14,36). However, the same source of serum was used for these experiments; therefore it is
